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The pressure-volume relationship in YbTe has been studied by high-pressure x-ray
diffraction up to 300 kbar. This relationship is anomalous in the region 150-190 kbar
indicating a continuous electronic collapse with pressure, in which the Yb2+ changes to
Yb ' state This. must involve 4f-5d electron promotion and must result in a semicon-
ductor-to-metal transition. The behavior of YbTe suggests that in rare-earth chalco-
genides with large band gap a continuous transition. would be favored.

We report in this paper the occurence of a pres-
sure-induced 4f 5d electr-onic collapse in YbTe,
in the pressure range 1-190kbar. Our data sug-
gest that this collapse takes place continuously
with pressure rather than abruptly at one pres-
sure. The electronic collapse involves the con-
version of Yb' to Yb" and is therefore a metal-
semiconductor transition.

Recent pressure studies on TmTe, ' SmTe, '
SmSe, and SmS' have reported that under pres-
sure the rare-earth ions in these compounds un-
dergo a transformation to the trivalent state,
without a change in the long-range order (the
NaCl-type structure remaining NaCl). Resistivi-
ty measurements" have indicated that this elec-
tronic transition involving 4f-5d electron promo-
tion takes place continuously with pressure in
Sm Te and SmSe, while in SmS it occurs discon-
tinuously at a pressure of 6.5 kbar. Also, high-
pressure x-ray studies have shown that a pres-
sure-induced NaCl —CsCl-type phase transition
occurs in Pr Te, Sm Te, and Eu Te.

In ytterbium monochalcogenides, Yb has the
full complement of electrons in the 4f shell, and

their behavior under pressure would be of much
interest. We have studied YbTe by high-pres-
sure x-ray diffraction in the range 1 to 300 kbar;
in this Letter the results are presented and dis-
cussed.

The material was prepared by reacting appro-
priate amounts of high-purity Yb and Te in a
quartz tube at about 700'C and by subsequent
melting of the product in a Ta tube kept inside a
vacuum chamber. The material thus obtained
was polycrystalline with large single-crystal re-
gions. The structure and the lattice constant ap-
propriate to YbTe were verified from x-ray pow-
der patterns of the material. The substance dis-
integrates to a powdery mass when exposed to
air for a length of time. Powdering and handling
were therefore done in dry air and in as short a
time as possible. The resistivity of the material
was in the 10 -0-cm range.

High-pressure x-ray studies were carried out
using a diamond-anvil high-pressure x-ray cam-
era of the type described by Bassett, Takahashi,
and Stook. ' Pressure was estimated by using
silver as an internal standard.
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Figure 1 shows b, V/Vo plotted as a function of
pressure. The initial compressibility estimated
from the data in the low-pressure range is K
=0.002 kbar '. The compressibility is of the
same order as that of EuTe and SmTe. In the
150- to 190-kbar range the compression is anom-
alous, but there is no change in the structure.
The volume change is about 8% in this region.
This anomalous compression can only be ex-
plained as due to a valence transformation of the
Yb ion to the trivalent state. In the trivalent
state the Yb ion has a smaller atomic volume
compared to Yb", and this results in a striking
decrease in the lattice constant. The pressure-
volume data suggest that this transformation
takes place continuously with pressure. In the
entire pressure range from 1 to 300 kbar the
NaCl-type structure is retained. After the elec-
tronic transition YbTe becomes very incompres-
sible.

An isostructural transition involving a large
volume change typifies an electronic transition.
In YbTe, which is normally a semiconductor, the
4f shell is completely full, and in the transition
one of the 4f electrons is delocalized. The phase
transition can be written as Yb"Te' = Yb"Te'
+ le. Thus, one electron per molecule is freed
from the localized 4f state into the "onduction
band derived from 6s-5d states. This should re-
sult in a transition from the semiconducting to
the metallic state, and one would expect electron
transport in the 5d band.

A semiconductor-to-metal transition can take
place either continuously or discontinuously. The
pressure-volume data on YbTe are strongly sug-
gestive of a continuous transition. In this re-
spect YbTe appears to behave like Sm Te, and we

FIG. 1. Pressure-volume relationship for YbTe ob-
tained from lattice-parameter measurements as a func-
tion of pressure using the diamond-anvil high-pressure
x-ray camera,

believe that the gap between the localized 4f
state and the bottom of the conduction band de-
rived from 6s-5d states must be shrinking con-
tinuously with pressure.

Francillon et al. ' have made resistivity mea-
surements, both under pressure and temperature,
on YbTe and have determined the activation ener-
gy for carrier activation into the conduction band
at various pressures. They obtain a value of
—11x10 " eV/kbar for the change in the activa-
tion energy with pressure of a donor level lying
0.46 eV below the bottom of the conduction band.
It is assumed that this donor level is the 4f level
of Yb. If this were true one would expect the
gap between the 4f level and the conduction band
to close near about 40 kbar pressure. However,
our x-ray data do not support this. It may be
that the level lying 0.46 eV below the bottom of
the conduction band is associated with an impuri-
ty rather than the 4f level. Their optical-absorp-
tion data show two peaks, one centered at about
2 eV and another near 1.24 eV. Thin-film absorp-
tion data on YbTe" yield a value of about 2.0 eV
for the energy gap between the 4f level and the
crystal-field-split 5d(t„) band. If the rate of
closure of this gap is taken to be (- 10 to —12)
x10 ' eV/kbar, the merging of the 4f level with
the 5d conduction band at about 200 kbar is con-
sistent with a gap of about 2 eV. Since the com-
pressibility of YbTe is about the same as EuTe
and SmTe, it is not unreasonable to assume that
the gap between the 4f level and the conduction
band in YbTe decreases with pressure at about
the same rate as the latter two. Above 200 kbar
the Yb ions would all be in the trivalent state.
On the basis of a simple model involving a local-
ized state and a conduction-band state whose en-
energy separation is shrinking with pressure, the
fractional conversion would be given by

where ~, (P) is the pressure-dependent energy
separation between the 4f level and the 5d conduc-
tion band. It can easily be seen from this that the
conversion of Yb'+ to Yb' would make a contri-
bution to the change in the lattice constant only
near pressures where the gap is approaching
zero. The pressure-volume relationship repro-
duced in Fig. 1 is not inconsistent with this mod-
el and strongly suggests that a continuous elec-
tronic transition takes place with pressure, as
the gap between the localized 4f level and the con-
duction band decreases with pressure.

Falicov and Kimball' have proposed a model
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for the metal-semiconductor transition, which
involves a localized state and a conduction-band
state whose energy separation decreases with
temperature or pressure. They define an effec-
tive energy gap given by the equation b, ,ff
—2Gn, where b, is the energy gap at T = 0 and
P =0, G is the strength of electron-hole interac-
tion, and n is the number density of electrons ex-
cited into the conduction band. According to this
model the number n of electrons in the conduc-
tion band can vary continuously or discontinuous-
ly with temperature at P = 0, depending on the
relative values of G and 4. Bucher' has recent-
ly extended these ideas and has shown that the
model can lead to first- and second-order elec-
tronic phase transitions at T = 0 when pressure
is varied. The parameter G, which is a mea-
sure of the strength of electron-hole interaction,
has to exceed a certain critical value compared
to the total band energy, in order to get a first-
order transition under pressure. YbTe has a gap
of about 2 eV, and apparently in materials with
large gap the ratio G/b. is below the critical val-
ue for a discontinuous transition.

Europium telluride also has a gap of about 2 eV,
and Rooymans"" reported a discontinuous elec-
tronic phase transition involving the conversion
of an Eu ion to the trivalent state near 30 kbar.
However, our p- V data' on Eu Te up to 100 kbar
do not show any evidence of an electronic transi-
tion. Near 100 kbar the NaCl-type structure
transforms to the CsCl structure. ' Hence, it ap-

pears from the behavior of YbTe that if the ener-
gy gap is large, a continuous electronic transi-
tion would be favored in the rare-earth chalco-
genides.
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Linear combination of atomic orbital-molecular orbital cluster calculations using ex-
tended Hiickel theory suggest that the interstitial carbon atom in diamond prefers an
"interstitialcy" configuration. The predicted minimum-energy configuration changes
with charge state, providing a possible example of the Bourgoin mechanism for "ather-
mal" migration of the interstitial in the presence of ionizing radiation.

Considerable interest and mystery surround
the properties of an interstitial host atom in the
diamond-type lattice. This fundamental defect
must be formed, for instance, as the Frenkel

partner to the lattice vacancy in a radiation-dam-
age experiment. In silicon, lattice vacancies
produced in such experiments have been detected
directly by EPR.' ' However, the interstitials
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